I. Introduction
T HE purpose of this paper is to report on the findings of a workshop on emerging areas in ceramic science that was held in March 2012. The workshop participants (the coauthors of this paper) represent a cross-section of the ceramics research community. At the workshop, we considered separately oxide ceramics, composites, glasses, and other nonoxide and carbon-based ceramic materials. The central goal of the meeting was to identify and articulate a set of scientific grand challenges for the ceramics research community. The challenges are of a scope that will require 5-10 yr of effort by multiple research groups to be adequately addressed; the research conducted in response to the challenges will have significant impact on ceramic science and the broader materials science community. The challenges described in this paper are the consensus of the group and meet the criteria, but we do not claim that they are exhaustive.
The main motivation for convening this workshop is that scientific challenges in the ceramics community have not been considered in a collective or formal way for 15 yr. 1 There have been forward-looking sessions at the biannual International Congress on Ceramics, but these have had a distinct technology, rather than science, focus. 2 In the 15 yr since the last workshop on future directions for ceramics, 1 there have been some truly transformational changes in our field. In the area of characterization, atomic force microscopy, aberration-corrected transmission electron microscopy (TEM), high-speed electron backscatter diffraction mapping, three-dimensional (3-D) atom probe microscopy, and dual-beam focused ion beam scanning electron microscopy (FIB-SEM) have made the transition from curiosities to nearly standard methods enabling new discoveries. 3 In the area of synthesis and processing, thin film growth by pulsed laser deposition and molecular beam epitaxy, 4 currentactivated pressure-assisted densification (CAPAD), 5 and templated grain growth 6,7 have all emerged as important methods for controlling the structure and composition of ceramics. There are also a range of new phenomena that have been identified and exploited in ceramics, including colossal magneto resistance, 8 two-dimensional (2-D) electron gasses, 9 and interface complexions, 10 to name a few. Consideration of nanoceramics and nanoscale phenomena, just emerging 15 yr ago, now permeates the field. Finally, the ability to simulate ceramics, from electronic structure calculations, 11, 12 kinetic Monte Carlo simulations, 13 mesoscale simulations, 14 and finite element models 15 have kept pace with Moore's law and now permit the exploration of more practical length and time scales. In other words, the landscape for ceramics research has changed dramatically in the past 15 yr, and this is an appropriate time to consider challenges for the future.
There are other broad trends in materials research, and any consideration of the future would be incomplete without recognizing the potential influence of these factors on ceramic science. For example, issues of sustainability have to be considered. These include the embodied energy in a material, the availability of raw materials, and the ultimate disposal and/or recycling of the material. The National Academy's report on Integrated Computational Materials Engineering 16 is beginning to influence the field and has led to the even more visionary Materials Genome Initiative, 17 whose goal is to develop and deploy materials twice as fast and at half the cost. Each of the challenges identified by the workshop refers to opportunities created by computational capabilities and the interaction between computation and experiment, so there is considerable synergy between the eight challenges and these broader national initiatives.
The process for developing consensus on the grand challenges started before the workshop was convened. First, the group exchanged ideas about scientific challenges using an interactive web site. During the meeting, presentations describing challenges were given and discussed in panel sessions and breakout groups. By the end of the meeting, the group refined its ideas and listed eight grand challenges. The challenges are:
1. Understanding rare events in ceramic microstructures 2. Understanding the phase-like behavior of interfaces 3. Predicting and controlling heterogeneous microstructures with unprecedented functionalities 4. Controlling the properties of oxide electronics 5. Understanding defects in the vicinity of interfaces 6. Controlling ceramics far from equilibrium 7. Accelerating the development of new ceramic materials 8. Harnessing order within disorder in glasses Each of these challenges is described in more detail in the next section. There is no priority implied by the order, but they represent the output of the subgroups who considered composites (1-3), oxides (4, 5), nonoxides (6, 7), and glasses (8) .
II. Grand Challenges for Ceramic Science

(1) Understanding Rare Events in Ceramic Microstructures
The lifetimes of ceramics in many structural and functional applications are particularly sensitive to rare (sometimes described as statistical) events. These include brittle failure during mechanical or thermal loading, pitting by corrosion, dielectric breakdown, fatigue crack initiation, and by analogy, over longer time and distance scales, earthquakes. Although statistical techniques, such as those developed by Weibull, 18 satisfy the needs of design engineers, they offer little understanding of the underlying causes of life-limiting phenomena. Even statistical techniques that focus on the probability of rare events, such as large deviation theory, 19 are heuristic and provide little insight into the underlying cause of such events.
The challenge is to understand the causes and mechanisms by which rare events lead to failure. In previous attempts to gain an understanding of these processes, experiments were often engineered to eliminate their statistical nature. In fracture experiments, for example, precracks or notches are placed in specimens to provide focus for the experiment. While affording useful information in assessing the steadystate phenomena of crack growth, these experiments mask information regarding the nucleation or initiation event. Of even greater concern from a technological perspective is that lifetime predictions based on continuum or fracture mechanics treatments for artificial cracks are not appropriate for short naturally occurring cracks. An alternative approach is to conduct in situ experiments, and perform postmortem examinations to elicit knowledge of failure origins. 20, 21 Although postexperiment investigations may provide some clues to sources of failure, damage may cloud accurate appraisal. A new avenue of research is thus required, not only to help elucidate fundamental mechanisms of nucleation events but also to provide grist for lifetime models that more accurately portray reality.
The timing to address such problems is particularly auspicious. First, 3-D interrogation techniques (X-rays, neutrons, FIB-SEM, atom probe, serial sectioning, and reconstruction) afford both structure and composition determination at a variety of length scales, and in some cases, probe failure events in real time. For example, the recent development of laser-assisted, 3-D atom probe microscopy (3DAP) has made it possible to make 3-D, near-atomic resolution images of reasonable volumes (con-taining~10 8 atoms) of a wide range of materials, including alumina. 22 In fact, the capabilities for 3-D imaging by TEM, 23 dual-beam FIB-SEM (see Fig. 1 ), 24 X-ray tomography, 25 and diffraction contrast X-ray microscopy 26 have all improved significantly. 3 These can be coupled with experiments that would include elevated temperatures, corrosive environments, applied loads, electric/magnetic fields, or some combination of these. Second, synthesis and processing approaches are sufficiently sophisticated that they can be used to create novel microstructures at different length scales to test hypotheses of failure origins. New synthesis methods might make it possible to create materials with controlled distributions of abnormally large grains, highangle grain boundaries, high modulus or low modulus inclusions, cavities and microcracks. Third, multiscale simulation techniques are increasingly detailed to provide an understanding of the effect of microstructure on functionality, 27 and hence, provide input into lifetime models.
Understanding rare events in ceramic microstructures presents research challenges for the ceramics community, and the broader scientific community. The seemingly random nature of these events poses serious requirements for observation. First, real-time imaging is essential, providing a fourth dimension to the 3-D characterization. Such 4-D data sets will be important not only as input for phase-field or finite element codes, but for the calibration and validation and validation of these codes. Second, observation volumes must be of the order of the sample size and of the appropriate spatial resolution to "catch" the nucleation event. For example, with X-ray imaging, large detector arrays would be required to allow sensing over the entire sampled volume in real time. Analogous screening has been done in the field of acoustics for seismic 28 and biomedical imaging of random incidents 29 and in structural health monitoring 30 using "time-reversal imaging." The technique affords both spatial and temporal focusing on regions of interest in inhomogeneous environments. Finally, environmental control must be uniform over the entire observation volume.
Once the origins of events are established, taking advantage of additional analytical capabilities could enhance mechanistic understanding. For example, using near-field grain mapping, the evolution of the dislocation structure in individual grains could be followed, and hence, related to crack nucleation. Grain orientations could be monitored to assess corrosion prone orientations. Small-angle X-ray scattering would be useful in tracking the statistics of void formation during elevated temperature operation. 31 As multiple techniques are used in concert, data (of order terabytes to petabytes) management and analysis are critical. This will require collaborations with data acquisition specialists. Real-time analysis would be particularly advantageous. Establishing the intrinsic or extrinsic causes for nucleation events based on these analyses would provide critical information for multiscale mechanistic models and life prediction strategies.
A parallel strategy should focus on the development of materials that are self-sensing and attuned to rare events, including mechano-chemically responsive materials. Sophisticated processing strategies could tailor materials to include sensing and communication functions that could couple to feedback loops that take a material/component out of service to prevent catastrophe. Self-healing concepts should also be exploited (see, for example, Hager et al. 32 ). These might involve stress-induced, corrosion-induced, or dielectric-breakdown-induced fillers. Longer term self-healing concepts might rely on analogs to biological systems.
In summary, recent advances in methods for the complete 3-D in situ characterization of structure and composition, coupled with the expanding capabilities of multiscale simulation techniques that reveal the relationship between microstructure and functionality, will bring the goal of understanding rare events within reach during the next 5-10 yr. This fundamental understanding has the potential to lead to materials that demonstrate feedback through selfsensing and self-healing functions, extending the lifetimes of materials.
(2) Understanding the Phase-like Behavior of Interfaces The second grand challenge is to expand and redefine the current "boundaries" of ceramic behavior, by exploiting the interfaces within the structure. The electrical, thermal, and mechanical properties of bulk, polycrystalline materials are often influenced by the behavior at the grain boundaries. It is significant, therefore, that recent research findings have underscored fundamental deficiencies in our understanding of transport mechanisms along grain boundaries and structural and chemical transitions that can occur within grain boundaries. For example, several groups have shown that the incorporation of oversized dopant ions at alumina grain boundaries can significantly influence the high temperature mechanical [33] [34] [35] [36] [37] [38] and transport behavior. [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] It is generally accepted that the dopant ions segregate to the grain boundaries. 44, 45 However, the mechanism by which modification of the properties takes place is still a subject of debate; siteblocking and or modifications to the bonding are the most widely cited possibilities. 46, 47 It is telling that although alumina is one of the most widely studied ceramics, a recent review by Heuer 48 on oxygen transport in alumina that was entitled "Oxygen and aluminum diffusion in a-Al 2 O 3 : How much do we really understand?" concluded that the answer was "not that much!" Indeed, the article goes on to suggest a number of fundamental topics that merit more scientific study. This dearth of knowledge is of particular relevance to ceramic materials because grain boundary diffusional processes are critical to the synthesis and processing of commercial ceramics. Boundary migration characteristics, which can undergo abrupt changes as a result of structural transitions at interfaces, determine microstructural evolution with regard to the degree and homogeneity of grain growth, as well as the crystallographic texture. As a materials class, ceramics are unique in terms of the breadth of the compositional and structural variations that can occur within boundaries. Moreover, the importance of point defects in controlling the grain boundary properties is much greater than for metallic solids. For example, model experimental studies have demonstrated that electric fields can significantly affect the rate of boundary migration. 49, 50 In a closely related topic, CAPAD has recently received widespread attention due to the attainment of high ceramic densities at reduced temperatures (relative to conventional processing). [51] [52] [53] A perhaps more tantalizing advantage of this technique is that the benefits go beyond efficiency and offer a platform for producing materials that are extremely difficult, if not impossible, to produce by other methods. This factor is exemplified by the recent emergence of methods as a successful production tool for dense, large-sized, nanocrystalline ceramics. 5 These large-sized nanocrystalline ceramics can offer a platform for the manipulation of length-scale-induced properties 54 and the study of grain and phase boundaries. While there are many mechanisms involved in the densification process, grain boundary diffusion and/or sliding are almost certainly influenced by electric fields and currents. The principles by which the electric field affects boundary migration and densification are an open question, highlighting the scientific community's incomplete knowledge of defect states at grain boundaries in ceramics.
Recently, techniques such as aberration-corrected TEM for Z-contrast imaging have emerged that can interrogate the atomistic structure of boundaries. [55] [56] [57] Furthermore, methods have now been developed to obtain statistical distributions of grain misorientation and boundary planes for experimentally derived microstructures containing many thousands of grains. 24, [58] [59] [60] These new characterization methods, coupled with the evolution of powerful first-principles computational tools to simulate and model complex interfacial structures, make a compelling case for the scientific community to revisit the elucidation of boundary structures in ceramics, as well as structural and chemical transitions at boundaries.
A fascinating new development in terms of our view of boundaries is related to the discovery of multiple, distinct, thermodynamically stable states at grain boundaries, referred to as complexions, which do not exist as stand-alone materials. 10, 61, 62 For example, Fig. 2 summarizes results from Nd-doped alumina where grain boundaries with distinct structures and compositions have different mobilities, energies, orientation distributions, compositions, and atomic structures. As a second example of the influence on grain boundary complexions on properties, a recent study of ionic conductivity in LaPO 4 ceramics indicated that ceramics with an amorphous film at the grain boundaries have better proton transport properties than similar materials without the amorphous film. 63 Given the importance of boundaries in determining the overall material properties, this raises the exciting prospect of synthesizing new materials with unique combinations of properties that hitherto have not been observed. For example, in nanophase ceramics, interfaces will constitute a significant fraction of the overall structure. In principle, therefore, one could begin to colonize the "white space" in Ashby diagrams, 64 which are the locations of contraindicative properties such as simultaneous high hardness and toughness, on property correlation maps.
(3) Predicting and Controlling Heterogeneous Microstructures with Unprecedented Functionalities
Among all materials classes, ceramics offer the broadest range of chemistry, bonding, and crystal structure. Multiphasic combinations of ceramics and hybrid combinations with other materials offer the potential to realize functionalities well beyond the limits of present-day materials. However, achieving unprecedented functionalities will require a fundamental understanding and control of constituent properties, interfaces, and microstructures at length scales ranging over several orders of magnitudes.
Porous and dense ceramics, ceramic composites, and ceramic coatings will play a significant role in addressing many of our most important challenges for the future, including reduction in greenhouse gas emissions, safer nuclear reactors, clean water systems, space exploration, medical implants, tissue engineering, and actuators and sensors. Progress in the comprehensive understanding of the processing-structurefunctionality of heterogeneous, composite, anisotropic, and multilayered ceramics will have significant impact. For example, it could lead to materials with ultrahigh temperature stability, high ionic conductivity at room temperature, high temperature stable and efficient thermoelectric devices and batteries that can be charged in minutes and last hours.
In recent years, significant progress has been made in simulating the effects of electronic-and micro-structure on the properties of ceramics utilizing first-principles/ab initio, molecular dynamics, phase field and continuum models. 65 Fundamental scientific understanding of the complex structure-function relationship is just emerging and continued advancement will require the integration and bridging of these different approaches as well as the development of mesoscale models that can simulate heterogeneous microstructures with greater fidelity. In parallel, there has been a rapid expansion in capabilities to probe the chemical composition and microstructure, in three dimensions and at different length scales of interest, as already noted in the two previous sections. 1, 3, [22] [23] [24] [25] [26] 66 The challenge for the future is to merge this information at various length scales and to conduct such studies as a function of the fourth dimension, time 67 to develop a fundamental understanding of the evolution of the microstructure and its effect on properties. The ability to incorporate temporal effects offers an opportunity to understand the mechanisms of microstructure evolution, thermal-mechanical response, electrical response, degradation, and failure. There are a number of advancements needed in this area. One is that to gain a comprehensive understanding of a mechanism, structural characterization will need to integrate multiple techniques to span several orders of magnitude of length scales. A second barrier is the need to analyze at high scanning rates large volumes of material that contain more of the features of interest (such as second phase particles, interfaces, etc.). Even defining the representative (and relevant) volume of material required to understand the origin of a given property remains a challenge. A third challenge is to develop more facile approaches to collect time-dependent information from multiple trials using both destructive and nondestructive imaging techniques. This will require statistical metrics of structures that can be compared over time. This will not be an issue with nondestructive techniques (for example, those that use X-rays as a probe), but currently, nondestructive techniques do not cover all length scales. While the barriers are significant, the multiscale characterization of chemistry, microstructure, defects, interfaces, and composition as a function of time will lead to increasingly powerful structure-mechanism-property relationships for a wide range of ceramic and composite materials. Research in which advanced characterization techniques are integrated with time-dependent studies are in their early stages, but promising. For example, Fig. 3 shows a recent high temperature measurement of strain in a C/SiC composite. 68 Research needs to be conducted on developing meso-scale simulation approaches that fully account for this rich chemical and microstructural detail to predict the properties of these heterogeneous materials. In addition, theoretical, experimental, and simulation research on the accelerated testing of ceramics in aggressive environments is needed to understand the performance of ceramics in expected conditions. Such approaches are in the early stage of development. Limited work has been conducted, for example, on the sensitivity of the properties to different microstructural features. Further scientific research in this area should lead to an ability to quantitatively predict the properties of complex multiscale microstructures from a set of required microstructural features.
The third area of importance is the analysis and the simulation of the evolution of the microstructure at multiple length scales during processing. Some progress has been made in the simulation of microstructural development during sintering. [69] [70] [71] [72] In parallel, impressive progress has been made in processing ceramics with well-controlled microstructures including micro-texture. 6,7,73,74 However, much more research is needed to understand microstructural evolution during processing.
Tailored fabrication of novel ceramic materials composed of periodic arrays of micro-and nanoscale phases is still in its infancy. For example, it has been shown that chemical functionalization and bonding can be used to predictably assemble distinctly different sets of oxide nanoparticles. [75] [76] [77] Approaches such as these can offer general fabrication platforms to produce dense hybrid composites with property combinations of interest in a broad range of applications including energy storage, photon harvesting, and catalysis.
The challenge is to integrate advances in the three areas (simulations, characterization, and processing) in a way that simulations can be used as a predictive tool to develop processing schemes that can generate materials with unprecedented functionality via microstructural design. On the 153 The boundaries in the SEM micrograph (a) are colored to differentiate high mobility boundaries (green) from low mobility boundaries (red). Thermal groove measurements of the grain boundary energies, colored in the same way (b), indicate that the high mobility complexion has a lower energy. 154 The two complexions also have different grain boundary orientation distributions (c, d). 61 HRTEM shows that the low mobility boundary has a monolayer of segregated Nd and the high mobility grain boundary has a bilayer of segregated Nd (e, f). 10 Copyright John Wiley and Sons, reproduced with permission. experimental side, this requires novel synthesis and processing strategies for precise control of microstructures, interfaces and defect populations, and thorough quantification of microstructural evolution at different length scales (which may require development of in situ techniques). On the simulation side, it requires the integration of simulations at different length scales to develop a set of experimentally verifiable features of the evolving microstructures and the effects of the microstructural features at different length scales on properties. Ultimately, these two will be integrated to develop robust approaches that can be used to understand and control microstructural evolution in a predictive manner for complex material systems (such as multimaterial, multilayered, and porous materials). This is an inherently difficult problem and a grand challenge in our field. However, the tools are rapidly becoming available to tackle it.
(4) Controlling the Properties of Oxide Electronics
The past 15 yr of research on oxide single crystals and thin films provides great insight into the diverse spectrum of electronic, optical, and magnetic properties of ceramic oxide materials that were historically categorized as passive insulators. For example, precise control of the LaAlO 3 /SrTiO 3 interface demonstrates that the joining of two linear dielectrics can lead to a high mobility electron gas. 78 This discovery of electronic ceramic functionality was enabled by a community of experimentalists and theorists who developed synthesis methods and models that begin to approach the sophistication of the materials science that governs the semiconductor industry. Another example is memristive and electroresistive electronics based on reversible formation and dissolution of conductive filaments. 79, 80 The future challenge is to design and synthesize oxide surfaces, interfaces, and nanoscale structures that catalyze a wide spectrum of scientifically inspiring electronic properties, including high mobility, superconductivity, and magnetism, that are tunable by external electrical, optical, magnetic, mechanical, and chemical stimuli. Crystal growth and design, the control of defects, and integration with other materials are all relevant issues associated with this challenge.
Because of their nonlinear properties, oxides have the potential to reveal phenomena not possible in conventional group IV and III-V semiconductor electronics. This is because there are distinct differences in the electronic structure, as illustrated schematically in Fig. 4 . 76 For a 2-D electron gas at the GaAs/Al x Ga 1Àx As interface, there is a single extended quantum well at the interface. In comparison, for the LaAlO 3 /SrTiO 3 interface, the ionic potential creates multiple quantum wells localizing the electrons to a few planes parallel to the interface. These localized quantum wells are strongly influenced by applied fields, leading to switching behavior, and can be patterned with nanometer scale precision. 81 The exciting potential of sophisticated oxide ceramic devices is enabled by significant advances since the late 1990s in synthesis, characterization, and nanofabrication. For example, atomic force microscopes are present in virtually every shared facility, and atomic-resolution microscopy is no longer reserved to specialized institutions. Collectively, the oxide electronics community finds itself positioned to explore new properties and phenomena that originate at/from heterojunctions and hetero-interfaces. 82 Current trends demonstrate that the exquisite interface functionality of compound semiconductors is also present in oxide ceramics, but will require major advances in the next decade to yield comparable material quality and precise control of defects and interfacial bonding.
The crystal chemistry of complex oxides endows them with a uniquely broad set of dielectric, optical, electrochemical, and magnetic properties. The nascent ability to prepare and integrate these materials with nanometer precision allows one to envision heterostructures that superimpose bulk and interfacial properties, leading to a new set of miniature, low cost, electronic architectures, and devices. Advances in fundamental scientific knowledge in this area will lead to major breakthroughs in next generation oxide electronics, including new technologies associated with, for example, superconducting switches, 83 reconfigurable logic, 81 and quantum computation. 84 The promise of new functionality is created by rational interface design and precise nanostructure control, and is grounded in materials physics and chemistry. However, realizing next generation oxide electronics will require significant synergy between materials theory, modeling, synthesis, characterization, and nanomanufacturing. Major scientific advances are required, including a sophisticated ability to control stoichiometry, strain, defect chemistry, crystallinity, and diffusion at interfaces, which incorporate increasing chemical, structural, polar, and bonding contrast. By nature of their complex structure and chemistry, active interfaces in oxide ceramics create a rich diversity of future technologies, but scientific advances will require comprehensive efforts that integrate theory with experiment.
(5) Understanding Defects in the Vicinity of Interfaces
Advanced materials span a continuum from passive to functional behavior. Modern technologies that address energy, sustainability, and miniaturization will require a departure from the tailoring of continuously varying properties to engineered multifunctionality. In other words, technology demands will not usually be met by single-phase materials. For example, energy storage technologies need solid electrolytes offering ten times higher ionic conductivities, 85 energy harvesters need thermoelectrics that decouple phonon and electron transport, 86 solid oxide fuel cells (SOFC) need to operate at significantly reduced temperatures, 87 and filtration technologies need materials with graded nanoporosity, chemically active surfaces, and environmental stability. The SOFC is an example of a system in which improvements in efficiency, life times, and costs have been elusive, despite a long history of research. 88 Advancements in our knowledge of the mechanisms of oxygen-solid reactions and oxygen vacancy transport across interfaces are required for knowledge-based advancements of technologies such as the SOFC. Future materials that meet these technology needs will likely evolve from a synthetic class of nanoheterogeneous but monolithic hybrids that superimpose the functionality of multiple materials at dramatically reduced dimensions. Ceramic oxides are of particular interest to this challenge as their core electronic, chemical, and ionic properties provide a foundation for the desired performance. Furthermore, the past 15 yr of ceramics research empowered the community with access to a diverse spectrum of particles, monoliths, and films with nanometer scale dimensions. These low-dimensional embodiments enable one to tune phase transitions, 89 surface reactivities, 90,91 transport, 92 and other physical properties. The importance of interfaces on properties is illustrated by the results shown in Fig. 5 . These data demonstrate that as the accumulation zones in BaF 2 /CaF 2 heterostructures are brought closer together, the ionic conductivity increases significantly. 93 The recent report of "colossal ionic conductivity" in YSZ/SrTiO 3 heterostructures supports the idea that interfaces between dissimilar materials can be manipulated to control properties. 94 Important technology needs will be met if the materials community can "integrate on-demand" while maintaining small dimensions.
The result of this integration is a class of materials where the relative fractions of interface and bulk material approach each other. Such structures are far from equilibrium, and the evolution of their defect chemistry in a highly metastable state is poorly understood. For example, recent results 95, 96 illustrate that reversible vacancy redistribution is possible in oxides at room temperature and below in sufficiently high electric fields. These studies complement such established areas as irreversible fatigue of ferroelectric materials. 97 At the same time, there is an emerging recognition that stresses from interfaces also influence defect concentrations. 98 The existing fundamental thermodynamic theory for point defects, 99,100 on the other hand, explicitly ignores the interface structure and the proximity to interfaces that act as sources and sinks. Our inability to describe this situation is exacerbated by the accelerated kinetics of defect formation and transport that occurs via surfaces and interfaces and degrades stability. The challenge is to extend defect chemistry models to account for the metastability of defect distributions in nano-heterogeneous ceramic systems where surfaces and interfaces are closely spaced. Models for defect distributions in these conditions must also account for the composition of the gaseous environment, high pressure and temperature as well as high strain (often present in heterostructures) and high electric fields. To meet this challenge, a new defect chemistry perspective is needed that merges controlled atmosphere surface science (as opposed to ultrahigh vacuum) with thermodynamic and kinetic models for defect formation.
Until recently, there have been few direct measurements of surface and interface energies. However, recent calorimetric measurements on nanoparticles and dense nanoceramics are expanding the database and enabling calculations of phase stability on the nanoscale. 89, [101] [102] [103] Similarly, grain boundary energies derived from microstructural geometry are also becoming available. 24, 58, 60, 104 Computational efforts associated with the Materials Genome Initiative are expected to improve this situation in the future. 17 The nature of defects at surfaces, interfaces, and grain boundaries is critical to oxide ceramic functionality. Metastable defect distributions that can be controlled through synthesis and processing can be used as an advantage in tailoring oxide ceramic functionality, but the thermodynamic driving forces and kinetic pathways that move the system toward true equilibrium markedly affect the long-term stability and ultimate usefulness of these materials, particularly in high-temperature and/or chemically harsh environments.
(6) Control of Ceramics Far From Equilibrium
Because of advances in processing methods during the past decade, ceramic science has been freed from the "tyranny of equilibrium," that is, one can now synthesize ceramic materials which do not represent the state of lowest free energy but which persist, sometimes to surprising high temperatures, and can be fabricated and utilized in a variety of applications. These are often nanostructured, with phase assemblages, crystallographic structures, and microstructures different from those of bulk materials. Frequently, interfaces between like or unlike particles impart additional unique properties.
It is now possible to prepare materials that have extremely high surface areas because of their internal porosity, very small particle size, or because they are comprised of quasi 1-D (fibers) or 2-D (exfoliated layers) 105 components. However, it remains a challenge to predict how the thermodynamic, physical, structural, and functional properties of materials prepared far from equilibrium differ from those of the bulk equilibrium phases, and how these properties change with composition and grain size. It is also necessary to understand when such materials have acceptable lifetimes in applications and when they evolve to other states which often compromise function. To reach this goal, there must be greater synergy between theory-computation-modeling and experimental measurements, with the former providing mechanistic insights at the molecular scale and identifying areas where new measurements are needed, and the latter benchmarking the accuracy of the former.
The challenge here is to understand and predict how the thermodynamic, physical, structural, and functional properties of materials prepared far from equilibrium differ from those of the bulk equilibrium phases, and how these properties change with composition and grain size. This understanding is a prerequisite to tailoring materials for specific applications and to using concepts such as "inverse design" to find optimum materials for a given application. It is also a prerequisite to understanding when such materials have acceptable lifetimes in application and when they evolve to other states which often compromise function.
As an example, recent studies have shown that, under the constraint of a given particle size, there are strong thermodynamic driving forces to favor phase assemblages of low surface or interface energies. 89, [101] [102] [103] For example, the prevalence of nanophase materials for new applications means that the contributions of their surfaces and interfaces to their thermodynamic properties cannot be ignored, especially in the presence of H 2 O, CO 2 , or other adsorbed species. Recently measured surface energies of a number of oxides show that they range between 0.5 and 4 J/m 2 and that differences between surface energies of different phase assemblages of the same composition can be as large as 2 J/m 2 . Therefore, surface energy can contribute up to 20-30 kJ/mol to the difference in free energy for a reaction involving 10 nm particles compared to bulk, and favoring the assemblage of lower surface energy. 89 The consequences include thermodynamic stabilization at the nanoscale of polymorphs metastable in the bulk (e.g., gamma alumina relative to alpha), the shift of oxyhydroxide dehydration equilibria to higher temperatures, and substantial shifts in the positions of redox equilibria (see Fig 6) . Thus one needs the thermodynamics of surfaces and interfaces to understand reactions in nanophase systems at low temperatures where particles can transform but not coarsen, as well as for the eventual sintering, coarsening, and degradation of engineered nanoscale systems and devices. In the future, it is envisioned that theory-computation-modeling, informed and benchmarked by experiments, will provide mechanistic insights at the molecular scale and identify areas where new measurements are needed.
(7) Accelerating the Development of New Ceramic Materials
While there exist a wide range of synthetic paths for new ceramics, we are not yet able to make new materials in a sensible and systematic fashion and to explore the physical properties of such materials with an eye to unique behavior and novel applications. The goal is to create totally new types of ceramics rather than to modify existing ones by small changes in composition or processing. This area is especially fruitful for materials containing B, N, C, chalcogenides, and halides, which have not been explored as thoroughly as oxides. Addressing this challenge will require guidance from computation on both target compositions 11, 12, 106 and synthesis strategies as well as a merging of the practices of the synthetic chemist and ceramist.
Materials can have complex nanostructures. Examples include new borides, nitrides, and other materials prepared by chemical synthesis, 1-D and 2-D materials formed of primarily carbon, various delaminated sheets of oxides and nonoxide ceramics, dense ceramics with nanosized grains prepared by CAPAD, polymer-derived ceramics in the Si-C-O, Si-C-N and Si-B-C-N systems, 107,108 nanoparticles or nanowires free or embedded in a polymer, glass, or ceramic matrix, organicinorganic nanocomposites, porous materials ranging from zeolites to metal organic frameworks, oxide multilayer films, and many more. An example of building new materials from exfoliated sheets is illustrated schematically in Fig. 7 .
The challenge is to use available synthetic capabilities to make new materials in a sensible and systematic fashion and to explore the physical properties of such materials with an eye to unique behavior and novel applications. This brings the synthetic chemist and ceramist together, especially when complex organometallic precursors are used or when inorganic materials are functionalized with organic groups. Computation will play an important role in the process, and will likely expand to beyond density functional theory approaches 12 to include genetic algorithms, 109 data mining, and other statistical approaches. 110 High-throughput experimentation will also be valuable for accelerated materials development. 111 Low-dimensional materials, which have unique properties that cannot be achieved in bulk material (e.g., huge anisotropy, ballistic conductivity, etc.), are one example of the starting point for this type of research. 105, 112, 113 The recent discovery of 2-D carbides and carbonitrides of transition metals opens a new avenue for research in low-dimensional ceramics, because commonly studied 2-D ceramics, such as clays and oxide/hydroxides, are all insulators, while the new materials, called MXenes, are electrically conductive. 114, 115 While exact properties and the best applications are still to be determined, the electrical and mechanical properties measured for the first representatives of this class of materials are promising. One challenge is to develop improved methods for the synthesis of 2-D carbides, nitrides, oxycarbides, carbofluorides and other compounds in bulk and as thin films (e.g., molecular beam epitaxy, chemical vapor deposition, electrochemical or chemical exfoliation of MAX phases, synthesis from graphene, etc.). Another challenge is to predict and experimentally measure the properties of 2-D ceramics. A final challenge is to integrate the 2-D ceramics into glass, ceramic, and other matrices, and to develop 3-D structures utilizing 2-D building blocks for a variety of applications. The low-temperature, low-pressure synthesis of nonoxides that are traditionally processed at high temperatures and pressures is another example. One suitable route for such purposes is mechanochemical synthesis which makes it possible to form complex compounds by applying mechanical force to mixtures of elemental powders, involving repeated cold welding, fracturing, and rewelding of powder particles due to heavy deformation. 116 During synthesis, the local frictional heating provides the required thermal energy to lower the activation barrier for synthesis. One of the examples of mechanochemical synthesis leading to a previously unreported ceramic structure is the synthesis of hexagonal osmium diboride (OsB 2 ). 117 
(8) Harnessing Order Within Disorder in Glasses:
Understanding and Control of the Intermediate-Range Order in Glasses to Enable Novel Properties Even though glass has been known since ancient civilizations, understanding and controlling the intermediate-range order (IRO) in glasses remains a grand challenge. Overcoming this challenge will lead to a breakthrough in tuning and processing bulk and surface (interface) glass structures, hence enabling the predictive design of glasses. Overcoming this challenge will lead to related benefits such as stronger glasses that last longer.
Highly disordered inorganic materials are of widespread importance in advanced technologies, for example, in oxide glasses used in flat screen displays, optical data transmission, and structural composites, and in multicomponent, defectrich crystalline solid solutions such as ion-conducting solid electrolytes in fuel cells or batteries. In many cases, the properties of such materials can be "tuned" by adjusting the composition over relatively wide ranges, or through modifying thermal history and other processing variables. However, this process often remains highly empirical, in part because of the difficult, general challenge of accurately quantifying the short -to intermediate-range structure of disordered materials to provide predictive structure-property relationships and/or to validate and develop theoretical models and simulations.
Structural tools such as diffraction methods that have revealed most of what we know about the structure of ordered crystals are of limited use for disordered solids and glass-forming liquids, providing only long-range average structure: 3-D in disordered crystals, only 1-D in amorphous materials. Spectroscopic methods, including vibrational, X-ray and NMR, have been widely applied, and in some cases can provide highly quantitative details about some aspects of the structure, for example the populations of B, Al, and Si cations with different coordination numbers in oxide glasses. 118, 119 However, in many cases there is much additional information in such spectra that cannot yet be quantified, bearing on the crucial question of how disordered the system is and how the disorder varies with composition and synthesis conditions. The missing link is often our limited ability to accurately go from a model of the disordered structure to a full, quantitative prediction of a spectrum. Developing such capability is a major computational and theoretical challenge whose resolution could vastly enhance our understanding of such materials. Such models need to contain large enough numbers of atoms to include the behavior of minor components (e.g., traces of H 2 O), as well as the consequences of structural complexity arising from heterogeneity, hierarchical packing, and anisotropy ( Fig. 8) . Conversely, going from improved knowledge of the state of disorder to predictions of properties requires the development of models that treat the consequences for thermodynamics and dynamics of the disorder. Examples include the role of configurational entropy in the viscosity of glass-forming liquids 120, 121 and in the free energies (and hence phase equilibria) of the liquids and corresponding disordered crystals. Intermediate-range order, meaning nonrandom structure beyond the first two or three coordination shells, is a longstanding problem in glasses and glass-forming liquids. Its presence has implications not only for bulk structure and properties but also for diffusion and corrosion of glass surfaces, and thus for strength and fracture toughness.
The elucidation of IRO will have an immediate impact on the transport properties of many glass families. For example, the channel model for alkali silicates changes dramatically our approach to understanding the diffusion of ions into or out of the bulk (Fig. 9) . While a number of models for such mesoscale structures have been proposed based on both experiment and computation, none have been validated or incorporated into multiscale models and simulations. Ion-conducting glasses, 122 at the heart of novel solid state batteries, will be improved through a better understanding of conduction pathways in solid electrolytes and the role of Coulombic and strain effects. 123 Similarly, detectors for medical and high-energy physics applications, especially resistive plate calorimeters 124 in the latter, will be enhanced by better understanding the role of IRO in the DC hopping motion of electrons. Finally, the use of porous glasses as membranes in filter applications also depends on the role played by molecular structures in the mesoscale. 125 On the other hand, the structure of glass surfaces (interfaces) remains widely unknown despite the fact that the functionality of such surfaces is widely used and that glass surfaces have played an important technical role as displays and interactive screens, as substrates for solar cells, for cell growth, etc. The surface of a glass as a frozen liquid is expected to be atomically smooth in its pristine state. However, even in vacuum, glass surfaces show atom rearrangement, migration of mobile ions to the surface and consequent roughening and nanostructure formation on the surface. In the presence of water or other reactive environments, such reactions are even more prevalent and often accompanied by water penetration into the glass surface. Of course, all of this occurs under the driving force of local chemical potential as well as the overall metastability of the glass and its surface relative to the hydrated or crystalline state. The mechanism and kinetics of these surface reactions is fundamentally dependent on the IRO that extends from the surface into the bulk of the glass structure. The mesoscale structure at the surface is needed to understand surface adsorption, surface segregation, surface diffusion, surface energy and wetting, ion exchange kinetics, distribution of applied or residual stress, and surface crystallization kinetics. Most notable is the potential effect of mesoscale structure on strength as the discontinuities in the network structure or internal interfaces which intersect the surface could constitute weak boundary layers and/or stress concentrators where cracks can nucleate, especially under the combined effects of stress and environmental attack (so-called stress corrosion). In this sense, the strength of pristine glass is determined by the surface structure and its chemical reaction with the environment, particularly with H 2 O (Fig. 10) .
Glasses have been recognized as the intrinsically strongest man-made material, e.g., a tensile strength of up to 14 GPa was demonstrated for silica glass drawn to fibers in vacuum. 126 However, due to the weakness of the glass surface against both chemical (humidity) and mechanical (e.g., cracks, scratches, chips) aggression, we are far away from taking advantage of the exceptional mechanical properties of glass (the typical strength of glass is~50 MPa). Glass making is an energy intensive process. If we can tap the intrinsic strength of glass by increasing the practical strength by 50-100 times, it will dramatically reduce the raw material consumption and the energy needs for the manufacture and transportation of glasses. This is one among many other benefits that stronger glasses can bring to us. Understanding and manipulation of IRO in the bulk and surface of glass is the key to tapping the intrinsic strength of glasses. Such a view is shared in a recent review paper 127 and in a newly launched priority program in Germany on "Topological Engineering of Ultra-strong Glasses (SPP 1594)."
In addition to strength, an understanding of the surface mesoscale structure would impact other important properties and applications of glass, including chemical and mechanical durability, adhesion in polymer laminates and other composites, stability as a thin film substrate, tunability as a living cell or biochemical substrate, or precursor to a nanostructured optical or plasmonic surface/interface.
The electric field enhancement created at the surface of noble metal and semiconducting nanoparticles (a fine example is gold nanoparticles imparting the ruby color to glass in the famous Lycurgus Cup), 128 and in the gaps and interstices of nanoparticle clusters, has been widely exploited for surface enhanced Raman spectroscopy and related "nanoplasmonic" phenomena. It is expected that oxide materials can have even higher carrier densities (10 13 -10 14 cm À2 ) than metal and semiconductor nanoparticles, although this has not yet been widely exploited. Nanoparticle glasses (i.e., glasses containing metal, semiconductor, or semiconducting oxide nanoparticles) are poised to take advantage of nanoplasmoncs to create new nonlinear optics, luminescent and scintillation glasses for sensors and information technology. The progress already made in this field (largely theory and nanofabrication of plasmonic thin film devices) can now be combined with existing knowledge about crystallization in glasses to control the processing and properties of nanoparticle glasses to create a new class of optical and waveguide materials. [129] [130] [131] The incorporation of heavy-metal oxide rare earth nanoparticles could be especially valuable for the next generation of scintillation detectors required for the Large Hadron Collider (http://www.lhc.ac.uk/). Many disordered solids are far from their equilibrium states. One consequence is that the structure and properties can be especially dependent on the synthesis route, particularly on the thermal or energetic history of the synthesis process. [132] [133] [134] The development of order on cooling or disorder on heating is inherently dynamic, and is often best studied by in situ, high temperature methods. Such experiments are often technically challenging and need further development; again, the even greater challenge can be going from spectra to accurate, quantitative pictures of the structure. Theoretical and computational developments could lead to major breakthroughs in interpreting such data and understanding fundamental dynamical processes. In situ structural measurements are also especially useful for testing/validating models (e.g., molecular dynamics), for which computational limits restrict the range of real temperatures that can be accurately simulated. 135 New techniques for experimental observation of IRO, such as multinuclear and multidimensional NMR methods that reveal correlations between structural environments of different cationic and anionic groups, [136] [137] [138] [139] [140] will become increasingly important when coupled with more complete theoretical treatments. Experimental measurements that highlight surface structure, and/or structures that are proximal to such reactive species, are thus especially important. Deformation and damage to glass often involves local and high concentrations of stress. The response of the structure to stress is complexly dependent on composition, and is just beginning to be explored by studies of decompressed, densified materials. 141 Again, in situ measurements that reveal the mechanical-chemical effects will be especially important. Recent advances in fluctuation electron microscopy, 142 surfaceenhanced X-ray absorption fine structure at NSLSII (http:// www.bnl.gov/ps/nsls2/about-NSLS-II.asp), atomic force microscopy, 143 spatially and spectrally resolved cathodoluminescence, 144 etc., together with large-scale computer simulation and modeling of adsorption, diffusion, and reaction in glass [145] [146] [147] [148] [149] [150] [151] under the influence of stress, and the availability of highquality thin drawn glass makes studies of mesoscale structure and its influence on glass properties within reach.
Experimental data accumulated over the past few decades, together with emerging in situ measurements, will provide the base for developing and validating the theory and model. Simulation will help explain experimental observations and clarify the range of validity of theory and model. Synergistic efforts among experiment, simulation, theory, and model will enable us to achieve the overall goals of the grand challenge in the next 5-10 yr.
III. Summary
The attendees of the workshop reached a consensus on eight grand challenges for ceramic science. For the most part, these challenges leverage new capabilities in materials characterization, synthesis, and modeling that open the door to measuring or simulating complex phenomena that were previously out of reach. The challenges are a mixture of long-standing problems, such as IRO in glass, and new opportunities such as the electronic properties of oxide heterostructures. These challenges provide a broad range of interesting directions for ceramic research over the next 5-10 yr.
